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Abstract
Objective The aim of the study was to evaluate the feasibility
of two quantitativeMRI methods: diffusion weighted imaging
(DWI) and dynamic contrast enhanced imaging (DCEI), for
follow-up assessment of the tibial tunnel after reconstruction
of the anterior cruciate ligament (ACL).
Matherials and methods Twenty-three patients were exam-
ined by MRI at 1 and 6 months following ACL reconstruc-
tion. DWI and DCEI were utilized for evaluating the region
of interest (ROI) within the proximal part of the tibial
tunnel. From the resulting apparent diffusion coefficient
(ADC) maps, ADC values were calculated. DCEI data were
used to extract the enhancement factor (fenh) and the
enhancement gradient (genh) for the same ROI.

Results Calculated ADC as well as the fenh and genh had
diminished to a statistically significant extent by 6 months
after ACL reconstruction. The average ADC value dimin-
ished from 1.48 (10−3 mm2/s) at 1 month to 1.30
(10−3 mm2/s) at 6 months after reconstruction. The average
fenh value decreased from 1.21 at 1 month to 0.50 at
6 months and the average genh value decreased from
2.01%/s to 1.15%/s at 6 months, respectively.
Conclusion The study proved feasibility of DWI and DCEI
for quantitative assessment of the tibial tunnel at 1 and
6 months after ACL reconstruction. Both methods have the
potential for use as an additional tool in the evaluation of
new methods of ACL reconstruction. To our knowledge,
this is the first time quantitative MRI has been used in the
follow-up to the ACL graft healing process.

Keywords ACL graft . Healing .MRI . Diffusion weighted
MRI . Dynamic contrast enhanced MRI

Introduction

Rupture of the anterior cruciate ligament (ACL) is one of
the most common knee injuries. After ACL reconstruction,
stable graft-tunnel healing is desired, so that the graft tissue
can be incorporated into the bone tunnel.

Two biological mechanisms take place after ACL
reconstruction: healing in the bone tunnel and ligamentiza-
tion of the intra-articular part of the graft. Graft healing in
the tibial tunnel starts as an acute inflammatory response
with edema, neutrophils, and recruited macrophages present
in the tendon bone interface as early as 4 days after surgery.
In the chronic phase of inflammation, monocytes and stem
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cells initiate angiogenesis and the formation of a hyper-
vascular granulation tissue interface between the graft and
host bone [1]. Sharpey-like fibers, inserted directly into the
bone, were found 12 weeks after the reconstruction in a dog
model [2, 3]. During the ligamentization process, the graft
at 6 weeks is completely covered by a vascular synovial
envelope, and the intrinsic vasculature of the graft is
complete at 20 weeks [4]. The tissue maturation process
is finished at about 26 weeks [2, 5].

The maturation process was first assessed by MRI in
1991 [6]. Most of the MRI studies focused on the
ligamentization process [6–10], graft length [11], imaging
of the tendon harvest site [12], tibial tunnel width [11, 13],
bone marrow edema encircling the tibial tunnel [9], or
interference screw imaging [13]. A limited number of
studies evaluated the intratunnel graft healing, using either
qualitative [14] or semiquantitative [8, 10] assessment
methods.

MRI proved to be an excellent noninvasive tool for the
qualitative evaluation of edema and vascularity, which are
both present during graft healing. Quantitative MRI
sequences such as DWI and DCEI can provide additional
quantitative information on these processes. DWI provides
information on molecular motion of water, which enables
calculation of the ADC. In the DCEI, fast imaging
techniques, such as three-dimensional enhanced fast gradi-
ent echo (EFGRE3D) method, enable acquisition of
multiple successive images of the same slice in short time
frames and demonstrate signal intensity change after
intravenous contrast agent administration. The value of
both has been shown in other areas of musculoskeletal
radiology [15–20]. To our knowledge, DCEI and DWI have
not been used in the area of ACL reconstruction.

Therefore, the aim of this study was to assess the
feasibility of the two quantitative MRI sequences, DWI and
DCEI, for quantitative follow-up evaluation of postrecon-
structive tibial tunnel edema and vascularity.

Materials and methods

Patient selection and surgical technique

The study was designed as a 6-month, single center trial.
The study was approved by the national ethics committee
and has been performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki.
All patients gave their written informed consent for
participation in the study.

Between February and June 2008, 25 patients (17 males,
8 females, mean age 33±12.5 years) were treated for ACL
rupture. Patients with inflammatory diseases, diabetes
mellitus, advanced knee osteoarthritis, severe meniscal

injuries, previous knee surgery, allergy to the contrast
agent, renal diseases, or thrombocytopenia were not
included the study.

The procedures were performed by the same orthopedic
surgeon. Following arthroscopic diagnosis of the ACL
rupture, a routine arthroscopic reconstructive procedure was
performed. In all cases, the single incision technique using
a double-looped semitendinosus and gracilis tendon graft
was used. The graft was inserted antegrade via the tibial
and femoral tunnel and fixed with two bioabsorbable cross
pins in the femoral tunnel and with one bioabsorbable
interference screw in the tibial tunnel.

All patients followed the same rehabilitation protocol,
with permission for immediate weight bearing and full
range of motion.

Radiological assessment

The MRI scans were performed on a 1.5 T Signa Excite
(General Electric, Waukesha, WI, USA) MRI scanner.
Examinations were performed 1 and 6 months after ACL
reconstruction.

DWI was performed with the echo-planar imaging
(EPI) method, using the spin-echo single shot technique
at TR/TE=8,000/75 ms. Two image acquisitions were

Fig. 1a, b Quantitative MR assessment of the tibial tunnel. Axial
slices were oriented perpendicularly to the tibial tunnel. The slice half
the distance between the plateau and the screw was chosen for the
analysis. a Two oblique axial diffusion weighted images of the tibial
tunnel performed with different diffusion strengths (b value).
Regression analysis of both images allowed the calculation of the
ADC for the selected ROI. b The first and last images from the stack
of 25 successive dynamic contrast-enhanced images. Note the
hyperintense interface zone in the encircled ROI in the last image
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performed for each DWI method: one without (b=0 s/mm2)
and the other with diffusion weighting (b=400 s/mm2).
The area of the proximal tibia between the plateau and
the interference screw was examined with 16 transverse
slices perpendicular to the tibial tunnel (Fig. 1a). The
tibial tunnel is easier to identify than the femoral tunnel on
scout images, which facilitates planning in the paraaxial
plane.

DCEI was performed by the EFGRE3D method. The
paramagnetic contrast agent gadolinium-diethylenetriamine
pentaacetic acid (Gd-DTPA) (Magnevist; Schering, Berlin,
Germany) was administered intravenously using an MR
injection system (Mississipi XD 2000, Ulrich, Germany) at
a concentration of 0.1 mmol/kg body weight at a 3 ml/s
flow rate, followed by an injection of 20 ml saline at the
start of the first DCEI series. Images were acquired
dynamically in 16 consecutive transverse slices through
the proximal tibia perpendicular to the tibial tunnel
(Fig. 1b) every 16 s in 25 time frames.

In postprocessing, an ROI within the tibial tunnel at a
middistance between the plateau and the interference screw
was examined. At this level, the images were free of
artifacts because of the volume averaging of signals from
the tibial plateau above and the screw below the ROI.
Owing to the perpendicular orientation of slices to the tibial
tunnel, the selected ROI was circular (Fig. 1a, b).

ADC maps were calculated from two DWI image sets of
different b values, using the MRI Analysis Calculator
plugin of the ImageJ image processing software (ImageJ,
NIH, USA). This was followed by calculation of ADC
values for the selected ROI.

DCEI images were also quantitatively analyzed with the
ImageJ software. Each DCEI measurement yielded a time-
intensity curve that was fitted using the OriginPro software
(Origin Lab, Northampton, MA, USA) to a model function
given by the equation:

SIðtÞ ¼ SI0 ; t < Δ

SI0 þ SImax � SI0ð Þð1� exp � t � Δð Þ=tÞð Þ ; t � Δ:

(

The equation has four model parameters: SI0 and SImax

correspond to the initial and plateau signals from ROI, while
τ and Δ correspond to a characteristic time of contrast agent
uptake and to a time delay between the start of DCEI
imaging and the beginning of contrast agent uptake,
respectively. Finally, two additional parameters were
extracted from the best-fit parameters for each examination:
the enhancement factor fenh=(SImax − SI0)/SI0, which is a
dimensionless quantity and describes the amount of contrast
accumulated in ROI compared to the baseline, and the
enhancement gradient genh=100[(SImax − SI0)/(SI0τ)], which
yields a relative signal intensity increase per unit time, and
therefore the enhancement rate.

Statistics

Numerical data are presented as mean values (standard
deviation, SD), while categorical data are expressed as
proportions. Measurements of the MRI parameters (ADC,
fenh, and genh) are expressed as estimated means and
standard errors. Changes in the MRI parameters from the
first to the final examination after the ACL reconstruction
were analyzed by Wilcoxon’s signed rank test. A P value
less than 0.05 was considered statistically significant. Data
were analyzed using the PASW 18 software (SPSS,
Chicago, IL, USA).

Results

Following the arthroscopic procedure, patients were
under routine clinical control and no complications were
registered.

Two patients were lost from the follow-up; therefore 23
patients completed the initial and follow-up examinations.

ADC measurements

The average ADC value at 1 month after reconstruction was
1.48 (10−3 mm2/s). At 6 months, the average ADC value
was 1.30 (10−3 mm2/s).

The statistically significant drop in the average ADC
value in the cohort (−12%, P<0.001, Table 1) indicates
decreased water proton mobility in the extracellular space at
6 months, compared to the first postoperative control.

DCEI measurements

In all examinations, the signal intensity within the selected
ROI after the paramagnetic contrast administration first
increased linearly, then reached a plateau and remained
elevated until the end of signal acqusition, with no
significant wash out from the area examined.

The average fenh value decreased from 1.21 at 1 month
to 0.50 at 6 months. The average genh value at 1 month was
2.01%/s and at 6 months, 1.15%/s.

Table 1 MRI parameters at follow-up examinations. Values are given
as estimated mean values (standard error)

Month 1 Month 6 Change P

ADC (10−3 mm2/s) 1.48 (0.03) 1.30 (0.02) −12% <0.001

fenh (1) 1.21 (0.14) 0.50 (0.07) −59% <0.001

genh (%/s) 2.01 (0.24) 1.15 (0.16) −43% 0.003

ADC Apparent diffusion coefficient value, fenh enhancement factor,
genh enhancement gradient
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The decrease in fenh (−59%; P<0.001) and genh
(−42%; P=0.003) values was statistically significant
(Table 1, Fig. 2). Both values reflect a decrease in the
amount and rate of contrast uptake in the tibial tunnel
during the healing process.

Discussion

Histological evaluation of ACL graft incorporation in
humans is impossible for ethical reasons. Most animal
studies focus more on the investigation of collagen,
Sharpey-like fibers, or bone formation [1–3, 5]. There have
been only a few histologic studies describing edema and
vascularity [3, 4, 21]. However, angiogenesis is an
important part of graft incorporation, particularly in the
early phases [3, 4]. Research has focused on shortening the
long rehabilitation period, and new operative techniques
have been proposed to accelerate graft healing [10, 22, 23].
Moreover, it has been histologically proved that newer
treatment methods provoke more extensive neovasculariza-
tion compared with controls [22, 23]. Many qualitative and
semiquantitative MRI methods have been proposed for the
follow-up of ACL reconstruction. However, more precise
evaluation requires the use of quantitative measurements.
Therefore, the present study was designed to evaluate the
feasibility of two quantitative MRI sequences for measuring
postreconstructive tibial tunnel edema and vascularity in
order to obtain additional information about these processes
within the tibial tunnel.

In DWI, the image contrast is closely related to the
random motion of water protons, which differs in various

tissue environments. Diffusion weighting in the spin-echo
echo-planar T2-weighted sequence is achieved by the use
of two additional gradient pulses of equal magnitude and
polarity symmetrically positioned relative to the refocusing
RF pulse. The degree of diffusion weighting, i.e. the b
value, is determined by the amplitude of the gradient pulses
as well as by their duration and spacing. Two DWI
acquisitions with different b values enable calculation of
an ADC map. In areas of edema, higher ADC values
correspond to elevated diffusion because of increased water
content in the extracellular space where the motion of water
is less restricted [24]. In our study, ADC values in ROI
were higher in both controls than in the bone marrow (mean
ADC=0.15×10−3 mm2/s [25] to 0.23×10−3 mm2/s [26])
and lower than that of free water (mean ADC=2.80×
10−3 mm2/s [27]). The drop in the ADC value 6 months
after the procedure was significant, indicating restricted
water proton motion in the extracellular space and also
therefore the edema, compared to the first postoperative
month, presumably due to the larger amount of fibrous
granulation tissue produced during graft healing.

For qualitative assessment of vascularization in the
interface zone as well as in the graft itself, intravenous
contrast administration has been used since 1995 [7, 8, 28].
The possibility of acquisition of multiple successive images
of the same slice in short time frames in DCEI permits
quantitative measurements of the kinetics of paramagnetic
contrast agent distribution in vivo in microvessels and in
the interstitial space of the investigated tissues after a
constant, pump controlled bolus injection [29, 30]. Previous
studies have demonstrated its usefulness in the evaluation
of bone marrow perfusion, showing correlations with
microsphere blood flow measurements [31]. In the knee,
the method has been described mostly in the assessment of
synovitis [16], osteoarthritis [19], and tumors [20]. The
temporal change of tissue signal following administration
of the intravenous contrast agent reflects the complex
process, related to the local blood supply and the
extravasation of the contrast into the interstitial space
[32]. In our study, the decrease in fenh as a static
enhancement parameter at the second control reflects the
decrease in total extracellular space containing the intra-
vascular volume and interstitial space. The decrease in the
genh as a dynamic enhancement parameter at 6 months
reflects the decline in the exchange rate between the
intravascular and interstitial compartments, a rate which is
influenced by microvessel permeability as well as by
vascular density [16, 30]. Both parameters therefore
correlate with decreased vascularity as part of the dimin-
ished inflammatory response in the process of graft
incorporation, a correlation which has been histologically
confirmed [1, 2, 4, 5]. There is no experience with the use
of DCEI in the tibial tunnel, but according to Ostergaard,
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Fig. 2 A typical signal intensity time curve for the same patient at 1-
month (circles) and 6-month (squares) controls, along with
corresponding curves of the model function (solid black line). The
experimental curves show an average signal intensity increase (y axis)
in ROI after application of a contrast agent at 25 time intervals of 16 s
(x axis). A diminished contrast uptake in the ROI at the second control
is quite apparent
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although described in relation to synovitis, the genh in
particular is even more closely related to inflammatory
activity than the fenh [16].

One of the limitations of our study relates to selection of
ROI. The ROIs selected for our study encircled the tibial
tunnel; therefore the ADC and enhancement values repre-
sent edema and vascularity in the interface zone as well as
in the graft itself. According to the animal histological
evidence, vascularization of the graft itself begins at 3–
6 weeks after reconstruction. Therefore, in the first month,
most of the DCEI values in ROI were probably related to
the vascularized interface zone, whereas at 6 months, when
graft vascularization should have been complete [2], these
values were presumably in part also due to histological
changes within the graft itself. Despite this, the graft
generally remained visually hypointense on all MRI
sequences. However, separate analysis of the interface zone
would be more precise; on the other hand, because of the
limited pixel number in smaller ROI, reproducibility of the
measurements would be less accurate. Another limitation is
the lack of histologic correlation with quantitative MRI
data. The number of patients in our study is limited, mainly
owing to the complexity of the measurements and data
analysis. This therefore necessitates confirmation of the
results by prospective studies on a larger number of
patients.

To conclude, the results of our study prove the feasibility
of both quantitative MRI methods, DWI and DCEI, in the
evaluation of the complex process of ACL graft healing in
the tibial tunnel at 1 and 6 months following reconstruction.
Therefore both methods could be used as complementary
quantitative noninvasive tools in the follow-up of ACL
graft incorporation so we propose them as an additional
quantitative MRI modality in future evaluations of new
ACL reconstruction methods.
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Summary. Background: Arthroscopic reconstruction is a 

standard surgical procedure in cases of symptomatic knee 

instability due to rupture of the anterior cruciate ligament. 

Bone-tendon-bone and hamstring tendon grafts are both 

in use for anterior cruciate ligament reconstruction. Th ere 

are no signifi cant diff erences between the two types of 

graft in  relation to function scores, but there is a diff erence 

in anteroposterior stability when measured on the KT-

2000 arthrometer: knee joints after reconstruction with 

bone-tendon-bone autografts are more stable than those 

reconstructed with hamstring tendon autografts.

Purpose: To improve knee stability after anterior cruci-

ate ligament reconstruction with a hamstring graft and use 

of platelet-derived growth factors.

Basic procedure: Platelet-leukocyte gel was produced from 

platelet-leukocyte-rich plasma prepared from a unit of whole 

blood in an autologous platelet separator. Th e gel was applied 

locally, after hamstring graft placement. Fifty patients were in-

cluded in the study: 25 in the platelet gel group, 25 in a control 

group. We evaluated anteroposterior knee stability with the 

KT-2000 arthrometer before surgery and at 3 and 6 months af-

ter surgery.

Main fi ndings: Patients treated with the gel demon-

strated signifi cantly better anteroposterior knee stability 

than patients in the control group. Th e calculated improve-

ments in knee stability at 6 months were 1.3 ± 1.8 mm in 

the control group and 3.1 ± 2.5 mm in the platelet gel group 

(P = 0.011).

Principal conclusion: Platelet-leukocyte gel, applied lo-

cally, can improve knee stability in surgery for reconstruc-

tion of the anterior cruciate ligament.

Key words: Platelet-gel, knee stability, anterior cruciate 

ligament.

Introduction

Rupture of the anterior cruciate ligament (ACL) is one of 

the most common knee injuries. In cases of symptomatic 

knee instability, surgical reconstruction is the standard 

treatment, especially in a young active population. Th e op-

erative technique is well known and has been established 

for more than 30 years [1]. Th ere are several options con-

cerning diff erent autografts but the patellar bone-tendon-

bone (BTB) graft still represents the gold standard, and in 

the past 10 years the hamstring tendon (HT) graft has be-

come increasingly popular and is used in more than 50% 

of all ACL reconstruction cases worldwide. Many clinical 

analyses have compared these two techniques [2, 3].

Th e disadvantages of patellar autografts are the risk of 

damage to the extensor apparatus, potential increase of 

patellofemoral pain and retained weakness of the patellar 

tendon. Th e disadvantages of HT graft are potential weak-

ness of the hamstring muscle and slower healing of the 

graft attachment site. Th ere are no signifi cant diff erences 

between BTB and HT grafts with regard to function scores 

(Tagner, IKDC, Lysholm) after 6 and 12 months, but there 

is a diff erence in anteroposterior stability when measured 

on the KT-2000 arthrometer (MEDmetric, San Diego, CA, 

USA): knee joints after reconstruction with BTB autografts 

are more stable than those reconstructed with HT 

autografts [4].

Two important biological mechanisms are in process 

after ACL reconstruction with an HT graft: healing and 

ligamentizaton. Graft healing in the bone tunnel is a bio-

logical response after the surgical procedure. It begins 

upon release of the tourniquet when the knee is immedi-

ately fi lled with blood from the drilled exposed bone. Th is 

generates an acute infl ammatory response with mesen-

chymal-cell recruitment, proliferation and matrix 

 synthesis. Th ere is aggregation and degranulation of cir-

culating platelets within the forming  fi brin clot, resulting 

in controlled release of cytokines. In particular, trans-

forming growth-factor beta and platelet-derived growth 

factors (PDGFs) act in a coordinated manner to regulate 

this early response. Neutrophil recruitment peaks at 
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about 24–48 hours after operation and is followed by in-

creasing representation of monocytes, which are essen-

tial for clot maturation, tissue adherence to bone and 

early formation of granulation tissue [5]. In the chronic 

phase the monocytes drive angiogenesis. Th e process is 

enhanced by high local concentrations of some thrombo-

cyte-derived growth factors and hypoxia by proliferating 

and synthesizing new extracellular matrix to replace the 

injured tissue with connective scar tissue. Matrix synthe-

sis may last for several weeks. Th e fi brotic process is rep-

resented by recruiting fi broblasts and stimulating their 

synthesis of collagens I, III and V, proteoglycans and fi -

bronectin. Th e remodelling phase, when collagen is syn-

thesized, degraded and reorganized as it is stabilized by 

molecular crosslinking into a scar, is also cytokine medi-

ated. Th e regulation of enzymes and their inhibitors en-

sures tight control of local proteolytic  activity [6].

Th e pattern of change within the body of an autograft 

tendon when it is transplanted into a human recipient has 

been described as ligamentization, a process of necrosis, 

swelling, revascularization, fi broblastic invasion and syn-

thesis and maturation of collagen fi bers with ligament re-

formation. Nevertheless, biomechanical studies in animal 

models have shown that the strength and stiff ness of the 

grafted tissue never reaches that of native ACL [7].

During the physiological cascades of soft tissue healing 

and bone growth, cellular and hormonal factors have piv-

otal roles, particularly PDGFs [8], some of which are 

 described in Table 1.

PDGFs have already been used for some indications in 

several fi elds of surgery, particularly in wound healing 

and bone healing [9–13]. Th ere are also studies analyzing 

the role of PDGFs after ACL reconstruction, using animal 

models [14].

Intraoperatively, specialized devices fractionate auto-

logous blood into red blood cells, platelet-poor plasma 

and platelet leukocyte-rich plasma; the latter can then be 

activated with autologous thrombin to create a viscous so-

lution termed platelet-leukocyte gel (PLG). Th e gel can be 

applied exogenously as a solid gelatinous mass to soft tis-

sues, chronic wounds, bone, When PLG is applied to tis-

sue, PDGFs are delivered, mimicking and accelerating 

physiological healing and reparative tissue processes 

[15].

We designed our study to determine the potential ef-

fect of locally applied PDGFs on knee stability after ACL 

r econstruction.

Patients, materials and methods

Patient selection

Th e main indication for surgical reconstruction was a sympto-

matic unstable knee joint resulting from ACL rupture. All patients 

were between 18 and 50 years old. We excluded patients with 

 infl ammatory diseases, diabetes mellitus, developed knee oste-

oarthrosis, malignant diseases, allergy to contrast media, renal 

diseases and thrombocytopenia. Patients were allocated num-

bers and randomized into two groups: those with an even number 

received PLG; odd numbers received the standard procedure. Be-

tween February and June 2008, 50 patients were operated on, 25 

in each group. All patients were operated on by the same surgeon 

(MV) using the same operative technique, the only diff erence be-

ing that patients in the PLG group  received the gel locally in the 

tibial and femoral bone tunnels and into the graft itself, whereas 

patients in the control group did not receive any PLG. All patients 

gave their written informed consent to participate. Th e study 

was approved by the National Ethics Committee.

Preparation of the platelet-leukocyte gel

Th e Magellan autologous platelet separator (Medtronic Biologic 

Th erapeutics and Diagnostics, Minneapolis, MN, USA) was used 

for PLG preparation (Fig. 1). Th is closed system is purported to re-

duce operator error and decrease potential contamination. Th e 

process begins, after an arthroscopically established ACL rup-

ture, when 52 ml of the patient’s whole blood is drawn and loaded 

into a specially designed disposable separation chamber and 

mixed with 8 ml 10% calcium citrate acting as anticoagulant. Th e 

mixture is then placed inside the closed system. Th e operator can 
Table 1. Some of the most important platelet-derived 
growth factors in reconstruction of the anterior cruciate 
ligament*

Platelet growth 
factor

  Function

Transforming growth 
factor-β (TGF-β)

Stimulates mesenchymal cell proliferation; 
regulates endothelial, fibroblastic and osteoblastic 
activity; stimulates endothelial chemotaxis and 
angiogenesis

Basic fibroblast 
growth factor (bFGF)

Promotes growth and differentiation of chondrocytes 
and osteoblasts

Platelet-derived 
growth factor (PDGF)

Mitogenetic for mesenchymal cells and osteoblasts; 
regulates collagenase secretion and collagen 
synthesis

Epidermal growth 
factor (EGF)

Stimulates endothelial chemotaxis, angiogenesis, 
regulates collagenase secretion

Vascular endothelial 
growth factor (VEGF)

Increases angiogenesis and vessel permeability

Connective tissue 
growth factor (CTGF)

Promotes angiogenesis, cartilage regeneration, 
fibrosis and platelet adhesion

*Knee Surg Sports Traumatol Arthrosc (1999) 7: 9–14. Fig. 1. Magellan autologous platelet separator
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determine the volume of autologous platelet- and leukocyte-rich 

plasma. In our study that was 6 ml. Two custom-designed sy-

ringes are placed in the Magellan system adjacent to the centri-

fuge separator. Sterile tubing connects the centrifuge separator 

and the syringes through a closed system and delivers the auto-

logous platelet-rich plasma through an automatic pump. Th is en-

sures accurate delivery with minimum platelet activation. Th e 

platelet-rich plasma is then combined with activated human 

thrombin and applied to the area of interest, where platelets are 

activated and autologous PLG is created [17, 18].

Surgical technique

All procedures were performed by the same surgeon (MV). After 

routine arthroscopic revision and establishment of the diagnosis 

(ACL rupture), the reconstructive procedure followed. In all cases 

a single incision technique with double-looped semitendinosus 

and gracilis tendons was used. Th e drill tunnels in the tibia and fe-

mur were 7–9 mm in diameter and matched to the cross-section 

size of the graft. Th e graft was inserted anterograde via the tibial 

and femoral tunnels and fi xed with two bioabsorbable cross pins 

(Mitek 3.2 mm) in the femoral tunnel and one bioabsorbable in-

terference screw (Mitek 8–10 mm) in the tibial tunnel (Fig. 2). Af-

ter autograft positioning, PLG was applied into the femoral and 

tibial tunnels and into the graft itself (Fig. 3). 

Rehabilitation

All patients followed the same rehabilitation protocol, with per-

mission for immediate weight bearing and full range of motion 

[16]. No rehabilitation brace was used postoperatively. Th e im-

portance of  reaching full extension was emphasized from the be-

ginning. Closed kinetic chain exercises were started immediately 

after the surgical procedure. Running was allowed at 12 weeks 

and contact sports at 6 months in cases with no knee-joint eff u-

sion, full range of motion and obtained muscle strength of 90% 

compared with the contralateral leg.

Follow-up evaluation

All patients were evaluated clinically and for knee stability before 

surgery, and at 3 and 6 months after surgery. Clinical evaluations 

were assessed using the Tagner activity score, Lyshol score and 

IKDC score [19, 20]. Objective anteroposterior knee stability was 

measured using the KT-2000 arthrometer at 15, 20 and 30 pounds 

of force (67 N, 89 N, 136 N) with knee fl exion at 25º and fi xed pa-

tella at the same time [21].

Statistical methods

Background data statistics included percentage distributions, 

mean values and standard deviations. Diff erences in patient char-

acteristics in the two treatment groups were compared using Chi-

squared tests for categorical variables and Mann–Whitney rank 

tests for continuous variables. Th e diff erences in arthrometer 

measurements before surgery and at the 3- and 6-month follow-

ups was calculated to determine diff erences between the basic 

and the advanced treatment. Th e linear regression method was 

used to adjust the impact of basic and advanced treatment by age, 

BMI and arthrometer measurement before operation.

Results

Overall, 23 patients from the initial 25 (92%) in the control 

group and 22 of the initial 25 (88%) in the PLG group were 

available for the 3- and 6-month follow-ups; fi ve patients 

were lost to follow-up for logistical reasons. Comparison 

between the PLG group and the control group in relation 

to preoperative parameters showed that the groups were 

similar  (Table 2). In the PLG group the average platelet 

concentration in platelet-leukocyte-rich plasma was 962 

(552–1326) G/l; the average blood platelet concentration 

in all patients was 192 G/l.

Fig. 2. Position and fi xation of the autograft in the femoral and tibial 
tunnels

Fig. 3. Application of platelet-rich plasma and human thrombin
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Th e aim of our study was to determine the diff erence 

between the PLG and control groups regarding anteropos-

terior stability of the knee joint measured using the KT-

2000  arthrometer (Table 3). Th e calculated 3-month 

(136 N) improvement was 1.8 ± 1.7 mm in the control group 

and 3.0 ± 2.5 mm in the PLG group, the diff erence being 

nonsignifi cant (P = 0.119).

Th e calculated 6-month (136 N) improvement was 

1.3 ± 1.8 mm in the control group and 3.1 ± 2.5 mm in the 

PLG group, resulting in a signifi cant diff erence between 

the treatments (P = 0.011).

We used the linear model for calculation of age, BMI, 

KT-2000 measurement before surgery, and the KT-2000 

value at the 6-month point (independent variable) in rela-

tion to the method of treatment (control group vs. PLG 

group). Table 4 shows that the signifi cant variables were 

the method of treatment and the KT-2000 value before op-

eration, whereas age and BMI were not in any correlation 

with the KT-2000 value at the 6-month point.

Discussion

Arthroscopic fi ndings and clinical results of ACL recon-

structions with BTB or HT grafts are usually found to be 

satisfactory in both aggressive and low-aggressive rehabil-

itation programs [22]. Th ere are no signifi cant diff erences 

between BTB and HT groups concerning function scores 

(Tagner, Lysholm, IKDC); however, knee joints recon-

structed with HT grafts are more lax than those recon-

structed with BTB grafts. An additional issue is the long 

 period of rehabilitation (6–9 months), due to processes of 

graft healing into the bone tunnels and ligamentization. 

Further, clinical studies have indicated that early return to 

vigorous physical activity may cause or increase the risk of 

greater knee laxity after ACL reconstruction [23].

Th e main reason for the lengthy rehabilitation after ACL 

reconstruction is the very slow graft healing in bone 

 tunnels and very slow process of ligamentization of the in-

tra-articular part of the graft. Ligamentization is the bio-

mechanical and histological remodelling of the graft tissue 

from tendonous to ligamentous appearing in the new in-

tra-articular environment specifi c to the native ACL [24]. 

Tendons used for ACL reconstruction appear similar to na-

tive ACL at arthroscopy and by observation under an opti-

cal microscope, but the electron microscope demonstrates 

that collagen fi brils in the grafts are organized diff erently 

from those of native ACL [25]. Since the center of the trans-

planted tissue is initially avascular and contains a rela-

tively low number of viable cells, collagen synthesis cannot 

be very active in the early postoperative months, even 

though vascular invasion from the surface of the graft oc-

curs within 3–8 weeks after the reconstruction and is 

 followed by the repopulation phase [26]. Suffi  cient vascu-

larization, mechanical forces, and release of growth factors 

that enter graft tissue via newly formed vessels all stimu-

late collagen production and maturation.

In our study we have demonstrated that PDGFs applied 

locally can improve knee stability in the fi rst 3-month pe-

riod and especially in the second 3-month period. We be-

lieve that the delivery of PDGFs mimics and accelerates 

physiological healing and reparative tissue processes in 

both graft healing and the graft ligamentization process. 

We have demonstrated that treatment with locally applied 

PLG could improve knee stability and also shorten the pe-

riod of rehabilitation after reconstructive knee surgery.

We aim to explore further the role of locally applied 

PDGFs, particularly in relation to the early phase of graft 

revascularization.
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No external funding was received for this study. Th e study 

was approved by the National Ethics Committee.

Confl ict of interest
Th e authors declare no confl ict of interest.

Table 4. Linear model for calculation of the KT-2000 value 
at the 6-month follow-up

Beta Significance 95% CI

Therapy method –0.452 <0.001 –2.979, –0.970

KT-2000 value 
before operation

 0.557 <0.001  0.270, 0.632

Age  0.023  0.844 –0.041, 0.050

BMI  0.074  0.538 –0.106, 0.200

(R = 0.719, R2 = 0.518).

Table 3. Evaluation of anteroposterior knee stability with 
the KT-2000 arthrometer

Characteristics Control group 
(n = 23) 

Platelet gel 
group (n = 22)

P-value

KT-2000 value (mm) 
before operation, 
load 136 N 

7.9 ± 2.7 7.9 ± 2.9 0.925

KT-2000 value (mm) 
at 3-month follow-up, 
load 136 N

6.1 ± 2.1 4.9 ± 1.8 0.035

KT-2000 value (mm) 
at 6-month follow-up, 
load 136 N 

6.7 ± 2.1 4.7 ± 1.9 0.003

Table 2. Background data of patients with knee injuries

Characteristics Control group 
(n = 23)

Platelet group 
(n = 22)

P-value

Sex (%)
 male
 female

73.9
26.1

59.1
40.9

0.353

Age in years 33.0 ± 12.5 35.4 ± 10.0 0.493

Injured knee (%)
 right
 left

56.5
43.5

59.1
40.9

1.000

BMI 24.5 ± 2.3 26.2 ± 4.2 0.098
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